INTRODUCTION RESULTS

136
MdMYB88 and MdMYB124 Positively Regulate Root Architecture under Long-
137
term Drought Stress 138 We previously found that MdMYB88 and its paralogue MdMYB124 are 139 dominantly expressed in roots of apple trees (Xie et al., 2018) . To further investigate 140 their roles in root development, roots of seven-month-old non-transgenic and 141 transgenic apple plants we generated before (Xie et al., 2018) were examined.
142
MdMYB88 and MdMYB124 were simultaneously silenced because the sequences of indicating their potential participation in drought tolerance (Fig. 1C) . We also tested 153 expression of other MdMYBs, which displayed higher sequence similarity with
154
MdMYB88 and MdMYB124, in MdMYB88/124 RNAi plants, and found none of these 155 genes were disrupted in their expression (Supplemental Fig. S1A ). These results
156
suggest that weak adventitious roots in MdMYB88/124 RNAi plants are due to MdMYB88/124 RNAi plants were clearly lower than that of GL-3 plants, resulting in 169 a lower root-to-shoot ratio in MdMYB88/124 RNAi plants under drought stress (Fig. 170 2, C-E). Consistently, MdMYB88 or MdMYB124 overexpression plants had a higher 171 root-to-shoot ratio than that of GL-3 plants in response to long-term drought stress,
172
proportional to the relatively higher DW of shoots and roots under drought (Fig. 2, C- 
173
E). These data suggest that MdMYB88 and MdMYB124 positively regulate the 174 drought tolerance of apple roots, at least in part, by mediating root architecture.
175
MdMYB88 and MdMYB124 Regulate Hydraulic Conductivity of Apple Roots
under Long-term Drought Conditions
177
Two fundamental capabilities of roots are supporting shoot components and 178 transporting water and mineral elements to shoots (Warren et al., 2015) . Under 179 drought stress, hydraulic conductivity, an indicator of the ability to transport water, 180 decreases in both roots and shoots (Moshelion et al., 2015) . Changed root morphology overexpression plants had a higher shoot hydraulic conductivity than that of plants in response to drought stress (Supplemental Fig. S3 ).
195
MdMYB88 and MdMYB124 Mediate Root Xylem Development under Long-
term Drought Conditions
197
Water is transported from roots to shoots by vessels; vessel embolism and 198 development therefore significantly affect hydraulic conductivity (Olson et al., 2014) . vessel area compared to xylem area. In response to long-term drought stress, the Fig. S4B ).
219
MdMYB88 and MdMYB124 are Predominantly Expressed in Xylem Vessels and
220
Cambium in Apple Roots
221
Previously we found that MdMYB88 and MdMYB124 are predominantly expressed 222 in the roots of apple plants (Xie et al., 2018) . To specifically investigate the 223 localization of MdMYB88 and MdMYB124 transcripts in roots of apple, we performed 224 an in situ hybridization (Fig. 5 ). When using a sense probe, only background was 225 detectable (Fig. 5, A and B) ; however, strong signals were observed in the vessels and 226 cambium of apple roots when using an anti-sense probe (Fig. 5C ). Enlarged images 227 showed that transcripts of MdMYB88 and MdMYB124 were visualized in xylem 228 vessels but not in xylem fiber cells (Fig. 5D ). In addition, weak signals were detected 229 in the phloem of apple roots (Fig. 5D ). (Fig. 6, A and B) . In contrast, no such relationship was found with
230
MdMYB88 and MdMYB124 Mediate Expression of
242
MdVND7 and MdSND1 (Supplemental Fig. S5 MdMYB46 promoters (Fig. 6, G and H) .
260
MdMYB88 and MdMYB124 Regulate Cellulose and Lignin Deposition in the
261
Roots of Apple in Response to Long-term Drought Conditions
262
In Arabidopsis, MYB46 is a master regulator for secondary wall-associated 263 cellulose accumulation (Kim et al., 2013) . Furthermore, VND6 is a key regulator for 264 xylem vessel differentiation, programmed cell death, and secondary wall formation 265 (Ohashi-Ito et al., 2010; under control or drought conditions than that of non-transgenic GL-3 plants (Fig. 7, A   276 and B). MdMYB88 and MdMYB124 did not regulate accumulation of hemicellulose 277 in the roots under control or long-term drought conditions (Fig. 7C) .
278
In Arabidopsis, CesA4, CesA7, CesA8, C4H, PAL1, 4CL, ACL5, XCP1, and IRX9 279 are responsible for the biosynthesis of cellulose, lignin, and hemicellulose. We thus 280 examined expression levels of these genes in roots of transgenic and non-transgenic 281 plants under control or drought conditions. We found that expression levels of RNAi plants had lower root-to-shoot ratios in response to long-term drought stress 302 compared to that in control plants (Fig. 2) . Root-to-shoot ratio is often considered an 303 indicative measurement of plant tolerance to drought stress (Xu et al., 2016 (Fig. 3) . Root hydraulic conductivity represents the capability to transport water 308 from the surrounding soil under drought stress; thus, higher root hydraulic 309 conductivity often indicates greater potential water transport from the soil through the 310 root (Melchior and Steudle, 1993; Gambetta et al., 2013; Olaetxea et al., 2015 MdMYB124 positively regulate apple root drought tolerance (Supplemental Fig. S3 ).
319
The positive association of MdMYB88 and MdMYB124 in apple root adaptations 320 under drought stress is consistent with previous findings by Xie et al. (2010) Cao et al. (2013) found that MdMYB121, which was also slightly induced 336 by simulated drought (~2 fold), plays a positive role in tomato drought tolerance.
vessel (Rodríguez-Gamir et al. 2010; Hajek et al. 2014; Kotowska et al. 2015) . (Steudle, 2000) , xylem vessels are still an important participator of axial hydraulic 345 conductivity (Melchior and Steudle, 1993; Schuldt et al., 2013; Hajek et al., 2014) .
346
Through these relationships, additional relationships between vessel density, vessel 347 diameter, and hydraulic conductivity were discovered. It is often believed that larger 348 vessel density and diameter indicate higher root hydraulic conductivity (Syvertsen 349 and Graham, 1985; Vasconcellos and Castle, 1994; Zhang et al., 2018) . In primary root growth as a source of water in maize (Wiegers et al., 2009) . Phloem also 376 functions as a capacitance to buffer the pulse of xylem water conduction under 377 drought stress (Pfautsch and Adams, 2013; Pfautsch et al. 2015) . Under drought 378 stress, the ability of developing secondary phloem will increase in wooden plants 379 (Robert et al. 2011 
382
In Arabidopsis, MYB88 and FLP also participate in the regulation of root 383 gravitropism (Wang et al., 2015) and lateral root development (Lei et al., 2015) . MdMYB88 and MdMYB124 might be due to regulation of cellulose content in apple 419 roots under drought conditions. Increased lignification is a common response to 420 drought stress (Moura et al., 2010 seedlings of each line were divided into a well-watered group (n = 9) and long-term 442 drought group (n = 9). Seedlings of the well-watered group were irrigated daily to species (Liu et al., 2012) . All plants were hydroponically cultured in a growth 451 chamber with a temperature of 25°C, illuminance of 4,000 lx, and humidity of 50-452 75%. Plants were then treated with 20% (w/v) PEG6000 (Sigma, USA) for 0 h or 6 h.
453
At the end of each treatment, roots were washed and snap frozen with liquid nitrogen.
454
Samples were stored at −80°C until RT-qPCR analysis. Primers used are listed in 455 Supplemental Table S1 . 
Measurement of Root or Shoot Hydraulic Conductivity
462
Hydraulic conductivity of roots and shoots of both transgenic and non-transgenic 463 plants was performed with a high-pressure flow meter (HPFM) (Dynamax, Houston) 464 as described by Tyree et al. (1998) and Wei et al. (1999) EMSA and ChIP-qPCR were performed as described by Xie et al. (2018) . Probes 521 used for EMSA are listed in Supplemental Table S1 .
522
Quantification of Cellulose, Lignin, and Hemicellulose in Apple Roots
523
Following root morphology analysis, dried roots from all plants were smashed with 524 a pulverizer. Alcohol was added to prepare alcohol insoluble residues (AIR) of all 
529
Hemicellulose extraction was performed as described by Mortimer et al. (2015) 530 with modifications. Five to fifteen mg AIR was transferred to a 1.5 ml tube, and 
539
RNA Extraction and RT-qPCR Analysis
540
RNA extraction was carried out as described by Xie et al. (2018) . The RT-qPCR 541 analysis was performed according to Guan et al. (2013) . Primers used are listed in 542 Supplemental Table S1 .
543
Statistical Analysis
544
Unless noted otherwise, data are reported as the mean ± SD. Table S1 . Primers used in this study. and hemicellulose (C). Plants were subjected to long-term drought stress for two months in a greenhouse. Data are means ± SD (n = 9). One-way ANOVA (Tukey test) was performed and statistically significant differences are indicated by * (P<0.05) or ** (P<0.01). D to F, Relative expression levels of MdCesA4 (D), MdCesA8 (E), and MdC4H (F). Plants were subjected to 20% PEG8000 for 0 or 6 h. Data are means ± SD (n = 3). 
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